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Summary
Introduction:  Biomechanical  studies  of  arthroscopic  knots  have  been  performed  on  sutures  that
were tied  manually  and  tested  immediately  after  tying.  We  performed  this  study  to  evaluate
the knot  and  the  suture  during  the  healing  phase,  which  was  not  evaluated  in  these  previous
studies. Our  hypothesis  was  that  the  biomechanics  features  of  arthroscopic  knots  may  change
in relation  to  the  duration  of  incubation  in  biological  media  simulating  synovial  ﬂuid.  Thus  our
goal was  to  study  the  inﬂuence  of  incubation  for  30  days  in  biological  media  simulating  body
ﬂuid using  a  device  to  standardize  knot  tying  and  allow  comparison  of  arthroscopic  sutures.
Materials  and  methods:  Three  Ultra-High  Molecular  Weight  PolyEthylene  (UHMPWE)  sutures
(Fiberwire,  Orthocord  and  Maxbraid)  were  tested  with  a  self-locking  slip  knot  (SMC  knot).  Sixty
identical  knots  were  tied  using  a  standardized  device,  and  divided  into  two  groups:  the  control
group « D0  » and  the  group  « D30  » where  the  knots  were  soaked  in  biological  media  simulating
body ﬂuid  for  30  days.  Cyclic  loading  tests  were  then  performed  on  the  knots  in  each  group
using a  machine  to  deﬁne  four  variables:  clinical  failure,  ultimate  failure,  knot  slippage  and
the characteristics  of  failure.
Results:  There  was  no  signiﬁcant  difference  between  the  two  groups  for  knot  resistance  at
clinical failure  or  ultimate  failure,  without  regard  to  the  suture,  (P  <  0.05).  After  cyclic  loading,
the most  slippage  occurred  in  the  Orthocord  (≈5.6  mm)  then  the  Maxbraid  (≈3.55  mm)  and
the Fiberwire  (≈2.51  mm).  The  only  suture  whose  slippage  was  inﬂuenced  by  the  duration  of
incubation  was  Orthocord.  At  clinical  failure,  the  loop  that  slipped  the  most  was  the  Orthocord
suture (≈5.45  mm)  then  the  Fiberwire  (≈4.8  mm)  and  the  Maxbraid  (≈4.1  mm).  In  the  Ortho-
cord and  Maxbraid  sutures,  knot  slippage  after  clinical  failure  signiﬁcantly  increased  with  the
duration of  suture  incubation  (P  <  0.05).  The  reason  for  failure  was  breakage  from  tearing  of
suture ﬁbers  in  all  cases.
∗ Corresponding author. Maussins Private Hopital Group, 67, rue de Romainville, 75019 Paris, France. Tel.: +01 42 03 47 37;
ax: +01 40 03 13 57.
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Conclusion:  Prolonged  incubation  of  arthroscopic  suture  knots  inﬂuences  slippage,  which  could
result in  unsuccessful  primary  attachment  of  the  tendon  during  the  healing  phase.
Level of  evidence:  Level  IV.  Biomechanical  study.
© 2013  Elsevier  Masson  SAS.  All  rights  reserved.
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The  increased  use  of  arthroscopic  shoulder  surgery  is  due,
in  part,  to  improvements  in  material,  suture  anchors  and
sutures.  Several  arthroscopic  knots  have  been  described  for
ﬁxation  of  repaired  tissue.  Repair  may  be  unsuccessful  if  the
suture  fails  and  the  tendon  is  not  in  contact  with  the  bone
during  healing.
Numerous  articles  have  studied  the  quality  of  different
suture  materials,  and  performed  mechanical  comparisons  of
arthroscopic  knots  by  analyzing  different  variables  such  as
response  to  cyclic  loading,  maximal  loads,  and  knot  slippage
[1—10].
Tests  are  usually  performed  immediately  after  the  suture
is  tied,  on  manually  tied  knots,  with  results  that  do  not  take
into  account  the  response  of  the  knot  and  the  suture  to
immersion  in  the  biological  media  of  human  body  ﬂuids.
Our  hypothesis  was  that  the  biomechanics  of  arthroscopic
knots  changes  during  incubation  in  the  biological  media  sim-
ulating  synovial  ﬂuid.
The  goal  of  this  study  was  therefore  to  evaluate  the  inﬂu-
ence  of  30  days  incubation  in  a  liquid  simulating  human  body
ﬂuid  (SBF).  To  reach  this  goal  and  study  reproducible  knots
with  a  low  standard  deviation,  a  device  to  tie  standardized
knots  was  designed  for  this  study.
Materials and methods
We  selected  a  self-locking  slip  knot  in  the  literature,  the
SMC  knot,  [11], for  its  high  quality  resistance  and  against
slippage  [4,6,7,9,11].
We tested  this  knot  in  three  Ultra-High  Molecular  Weight
PolyEthylene  (UHMWPE)  sutures,  which  are  the  most  fre-
quently  used  sutures  for  arthroscopy  in  France:  Fiberwire
(Arthrex®),  Orthocord  (Depuy  Mitek®)  which  is  partly  com-
posed  of  absorbable  polydioxnone  (PDS),  and  Maxbraid
(Biomet®).
A  device  to  tie  knots  that  were  as  identical  as  possible
was  built  based  on  precise  speciﬁcations.
This  original  device  included  a  base  with  an  electronic
dynamometer  mounted  on  one  side  and  a  winding  reel  on
the  other,  so  that  reproducible  knots  could  be  tied  on  the
same  plane.
Each  SMC  knot  was  tied  in  the  same  way  by  the  same
surgeon  (BR),  with  the  help  of  the  tightening  mechanism,
and  wearing  sterile  gloves  [7].
The  sutures  were  ﬁrst  soaked  in  saline  solution  for
5  min.  The  knots  were  tied  in  the  following  manner,  around
a  9.5  mm  diameter  post  to  obtain  loops  with  a  30  mm
circumference,  corresponding  to  the  estimated  circumfer-
ence  of  in  vivo  loops  during  arthroscopic  surgery  [9].  A
preload  of  10  N  was  applied  to  the  knot  on  the  wrapping  limb
of  the  suture  by  pulling  on  the  free  suture  limb  to  pre-tighten
o
t
o
bhe  knot  and  reduce  its  size  (this  was  performed  under  real
onditions,  so  that  the  knot  could  be  passed  through  the
rthroscopic  cannula).  The  wrapping  limb  was  then  attached
o  the  winding  reel  and  the  other  limb  to  the  dynamometer,
ith  the  steel  bar  placed  at  the  same  height  between  the
wo.  By  using  the  winding  reel,  tension  could  be  applied  to
he  wrapping  limb  of  the  suture  until  it  reached  25  N  [10].
uring  tightening,  the  knot  descended  until  it  touched  the
ar  (Fig.  1).  The  knot  was  then  locked  by  three  reversing  half
itches  [12], which  were  also  tightened  to  25  N,  by  revers-
ng  loading  of  the  wrapping  limb  of  the  suture  on  the  device
uring  each  half-hitch.  Both  suture  limbs  were  cut  3  cm  from
he  knot  to  obtain  the  test  loop.
We  produced  60  loops  divided  into  two  groups  of  30.  Ten
nots  in  each  group  were  tied  with  Fiberwire,  10  knots  with
rthocord  and  10  knots  with  Maxbraid.  The  ﬁrst  group  was
alled  « group  D0  », and  was  a  control  group.  Once  they  were
ied,  the  30  loops  were  dipped  in  saline  solution  for  20  min
7],  then  immediately  tested  under  loading.
In  the  second  « D30  » group  the  loops  were  soaked  in  a
iological  media  for  30  days  then  tested  by  cyclic  loading.
oops  were  soaked  in  vials  ﬁlled  with  saline  solution,  and
ncubated  in  a  vat  at  37 ◦C  with  5%  CO2 thus  simulating  the
in  vivo  » conditions  of  the  human  body  (Fig.  2).
The  biomechanical  protocols  [4,5,9]  described  in  the
tudies  by  Burkhart  et  al.  [13]  were  used  for  the  load-
ng  tests.  Cyclic  loading  of  the  loops  was  performed  using
n  ‘‘INSTRON’’,  model  5565  tensile-compression  testing
achine.  Two  3  mm  cylindrical  posts,  whose  separation  was
ontrolled  by  machine,  were  used  to  attach  the  test  loop
nd  apply  tension  (Fig.  3).
There  were  different  phases  to  the  trials.
A  preload  of  10  N  was  applied  at  a  speed  of  0.1  mm/s  for
 min  to  stabilize  the  loop  response.  The  reference  position
as  then  deﬁned.  Then  cyclic  loading  between  10  N  and  45  N
as  applied  for  1000  cycles,  at  a  frequency  of  1  Hz,  simulat-
ng  the  stress  on  the  shoulder  during  the  ﬁrst  postoperative
onth  [14]. Then  the  preload  of  10  N  was  applied  again  to
ompare  it  to  the  initial  values  and  identify  any  slippage
rom  cyclic  loading.  Tension  was  then  applied  at  a  speed  of
.5  mm/s  until  there  was  a  separation  of  3 mm  between  the
wo  posts.  This  threshold  is  often  used  [15—17]  and  corre-
ponds  to  so-called  ‘‘clinical’’  failure,  because  the  loop  is  no
onger  tight  enough  to  ensure  bone—tendon  contact.  Then
 load  was  applied  at  a  speed  of  0.5  mm/s  until  25  mm  of
isplacement  was  achieved,  which  always  resulted  in  a  so-
alled  ‘‘ultimate’’  failure  of  the  test  loop;  when  the  knot
lips  and  comes  undone  or  the  suture  breaks.
Any  knot  slippage  was  recorded  with  a  camera  that  was
laced  in  front  of  the  loop  to  measure  any  displacement
f  two  marks  placed  on  the  suture,  as  close  as  possible  to
he  knot  to  prevent  the  inﬂuence  of  any  suture  deformity
n  measurements.  The  position  of  the  marks  was  recorded
efore  testing  (after  10  N  preload),  after  cyclic  loading
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Figure  1  Knot  performed  under  reproducible  conditions:  one  left:  the  soaked  string  is  tightened  around  the  9  mm  steel  bar  and
fastened with  three  inverted  half  hitches;  one  right:  each  loop  is  tightened  with  a  digital  dynamometer.
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•igure  2  Dipping  in  biological  media:  each  group  of  loops  is  
hey were  kept  for  30  days  in  a  vat:  4.5%,  CO2,  37 ◦C,  95%  humi
again  with  10  N  preload)  and  at  the  end  of  the  test  until
linical  failure,  so  that  we  could  determine  slippage  after
yclic  loading  and  at  clinical  failure.The  following  variables  were  analyzed:
load  to  clinical  failure:  maximum  load  necessary  to  pro-
duce  3  mm  of  displacement;
•
ted  in  saline  solution  (a)  and  incubated  in  biological  media  (b);
(c).
 load  to  ultimate  failure:  maximum  load  necessary  to  pro-
duce  loop  failure;
 knot  slippage;
 causes  of  failure.
For  the  statistical  analysis  the  Student  t  test  was  used
o  compare  the  data  at  D0  and  D30  for  the  same  suture
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Figure  3  Each  loop  is  tested  on  a  tensile-compression
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cmachine:  slippage  of  the  loop  is  measured  by  analyzing  the  black
dots placed  on  various  parts  of  the  knot.
or  to  compare  two  sutures  for  a  speciﬁc  variable.  The
standard  deviations  were  compared  with  those  in  the  liter-
ature  after  a  relative  dispersion  parameter  was  calculated
(coefﬁcient  of  variance)  and  by  the  Fischer  test  (two-sided
Fischer  test).  P  <  0.05  was  considered  to  be  signiﬁcant.  The
statistical  analyses  were  performed  with  R  software  version
2.13.2.
Results
Validation  of  the  standardized  knot
The  comparison  of  our  results  with  those  in  the  literature
using  slip  knots  are  shown  in  Table  1.  The  coefﬁcients  of
variance  in  our  series  were  lower  than  those  in  the  lit-
erature  and  less  than  10%  showing  that  there  was  little
variation  in  the  results  in  this  series  thanks  to  the  standard-
ized  method.
For  Fiberwire:  there  was  a  signiﬁcant  difference  between
the  standard  deviations  in  our  series  and  those  in  the  study
by  Barber  (F  =  0.0317,  P  =  1.9  ×  10−5).  There  were  no  signiﬁ-
cant  differences  in  standard  deviations  for  Fiberwire  sutures
between  the  Swan  series  and  ours  (F  =  0.29,  P  =  0.069).
For  Maxbraid:  there  was  a  signiﬁcant  difference  between
the  standard  deviations  for  Maxbraid  sutures  in  the  study  by
Barber  and  our  series  (F  =  0.126,  P  =  0.0049).
The  standard  deviations  for  Orthocord  in  the  Barber
series  were  signiﬁcantly  higher  than  those  obtained  in  our
series  (F  =  0.13,  P  =  0.0061).
Test  Results
The  test  results  are  presented  in  Table  2.Clinical  failure
There  was  no  signiﬁcant  difference  in  knot  resistance  at
clinical  failure  in  any  of  the  sutures  between  D0  and  D30.
r
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Results  were  signiﬁcantly  different  for  the  three  sutures
hatever  the  duration  of  incubation.  Fiberwire  (97.1  N  mean
f  D0  and  D30)  was  the  most  resistant  suture,  then  Maxbraid
74  N)  and  ﬁnally  Orthocord  (46.7  N).
ltimate  failure
t  ultimate  failure  there  was  no  signiﬁcant  difference  in
ean  knot  resistance  between  the  two  groups  D0  and  D30
ith  the  three  tested  sutures.
Fiberwire  and  Maxbraid  were  signiﬁcantly  more  resistant
han  Orthocord  in  both  groups.  There  was  no  signiﬁcant  dif-
erence  between  Fiberwire  and  Maxbraid  sutures.  The  mean
alue  of  D0  and  D30  was:  324  N  for  Fiberwire,  318  N  for
axbraid  and  188  N  for  Orthocord.
lippage
fter  cyclic  loading  only  Orthocord  showed  a  difference
etween  D0  and  D30:  slippage  increased  signiﬁcantly  after
he  suture  was  incubated  (P  <  0.05).  There  was  no  change
etween  D0  and  D30  for  Fiberwire  or  Maxbraid  (P  <  0.05).
he  greatest  amount  of  slippage  occurred  with  Orthocord  (a
ean  5.6  mm  between  D0  and  D30)  then  Maxbraid  (3.6  mm)
nd  Fiberwire  (2.5  mm).
In  Orthocord  and  Maxbraid,  knot  slippage  increased  as
he  duration  of  suture  incubation  increased  (P  <  0.05)  fol-
owing  clinical  failure,  but  not  in  Fiberwire  sutures.  The
rthocord  suture  slipped  the  most  (a  mean  5.5  mm  between
0  and  D30),  then  Fiberwire  (4.8  mm)  and  ﬁnally  Maxbraid
4.1  mm).
echanism  of  failure
he  only  reason  for  failure  was  breakage  by  gradual  tearing
f  the  suture  ﬁbers.
iscussion
ur  study  shows  that  under  these  test  conditions,  the
mount  of  time  the  knot  was  incubated  in  a  biological  media
nﬂuenced  the  Orthocord  suture  knot  after  cyclic  loading
nd  clinical  failure,  while  it  only  inﬂuenced  clinical  failure
n  the  Maxbraid  suture.  After  30  days  of  incubation  there  was
igniﬁcant  slippage  in  the  Orthocord  knots.  The  only  suture
not  that  was  not  affected  by  incubation  was  the  Fiberwire.
rthocord  had  the  greatest  amount  of  slippage  of  all  three
ested  sutures.  This  UHMPWE  suture,  unlike  the  others  has
n  absorbable  component  that  may  partially  explain  these
esults  at  D30.
On  the  other  hand  our  results  show  that  duration  of
ncubation  does  not  inﬂuence  knot  resistance  to  cyclic  load-
ng.
The  2004  symposium  of  the  French  Arthroscopy  Society
SFA)  [18]  conﬁrmed  that  functional  results  in  healed  rotator
uffs  were  good,  encouraging  repair  of  these  tears.  The  low
ate  of  complications  and  the  efﬁcacy  of  arthroscopic  proce-
ures  support  the  choice  of  this  surgical  solution  at  present.
he  quality  of  the  functional  results  depends  on  tendon  heal-
ng  [19]. Indeed,  this  guarantees  a  watertight  cuff,  which  is
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Table  1  Comparison  of  results  of  mechanical  tests  obtained  with  slip  knots.
Study  Suture  Knot  Clinical  failure  ET  ‘‘EE’’  (N)  %  Ultimate  failure  (N)  ET  ‘‘EU’’  (N)  %
Lo  et  al.
Arthroscopy  2010  [23]
Ethibond Weston  knot —  —  — Weston/Fiberwire  134  38  28.4
Fiberwire Weston/Orthocord  103  12  11.7
Orthocord Weston/Ethibond  91  21  23.1
Herculine Weston/Herculine  73  27  37.0
Maxbraid Weston/Maxbraid  112  33  29.5
Ultrabraid Weston/Ultrabraid  96  13  13.5
Swan et  al.
AJSM  2009  [7]
Ethibond SMC  knot —  —  —
ForceFiber SMC/Maxbraid  296.3  11.6  3.9
Fiberwire SMC/Forceﬁber  281.2  44.8  15.9
Maxbraid SMC/Fiberwire  199.9  25.6  12.8
SMC/Ethibond  147.2  19.5  13.2
Mahar et  al.
Arthroscopy  2006  [5]
Ethibond Weston  knot —  —  — Weston/Ethibond  148  22  14.9
ForceFiber Weston/ForceFiber  254  41  16.1
Barber et  al.
Arthroscopy  2009  [4]
Ethibond  Revo  knot —  —  — Mean
Fiberwire  SMC  knot  Per  knot  57.01  20.3
Forceﬁber Weston  knot  Revo  knot  280.99  57.90  21.1
Hi-Fi SMC  knot  274.89  41.00  25.7
MagnumWire MaxBraid  Weston  knot  159.28
Orthocord
Ultrabraid
Mean  per  suture
Ethibond  143.92  16.57  11.5
Fiberwire  259.70  85.81  33.0
Forceﬁber  246.25  60.52  24.6
Hi-Fi 240.42  62.50  26.0
MagnumWire  237.78  64.51  27.1
MaxBraid  237.90  71.55  30.1
Orthocord  221.81  81.79  36.9
Ultrabraid  233.95  62.11  26.5
Our study  Orthocord
Fiberwire
MaxBraid
SMC
D0
Orthocord  D0:  47.14  N  3.12  6.6  Orthocord  D0:  188.39  16.27  8.6
D +  30  Orthocord  D30:  46.15  N  0.01  0.0  Orthocord  D30:  187.37  11.71  6.2
Fiberwire  D0:  94.41  N  5.76  6.1  Fiberwire  D0:  323.66  9.94  3.1
Fiberwire  D30:  99.80  N  6.73  6.7  Fiberwire  D30:  325.31  24.77  7.6
MaxBraid  D0:  76.34  N  14.51  19  MaxBraid  D0:  321.15  22.84  7.1
MaxBraid  D30:  71.31  N  19.02  26.7  MaxBraid  D30:  315.09  22.36  7.1
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Table  2  Mean  values  (standard  deviations  in  parentheses)  of  variables  studied  for  the  different  sutures  and  incubation  times.
Orthocord Fiberwire  Maxbraid
D0  D30  D0  D30  D0  D30
Load  to  clinical  failure  (N) 47.1 (3.1)  46.2 (0.0)  94.4 (5.8)  99.8 (6.7)  76.3 (14.5)  71.3 (19.0)
Load to  ultimate  failure  (N)  188.4  (16.3)  187.4  (11.7)  323.7  (9.9)  325.3  (24.8)  321.2  (22.8)  315.1  (22.4)
Slippage after  cyclic  loading  (mm)  5.2  (0.7)  6.0  (0.6)  2.5  (0.4)  2.5  (0.3)  3.4  (0.3)  3.8  (0.5)
4)  
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RSlippage at  clinical  failure  (mm)  5.1  (0.6)  5.8  (0.
the  source  of  a  signiﬁcant  improvement  in  the  postoperative
Constant  score  [18]  mainly  because  of  recovery  of  range  of
motion  and  strength  [18,20].
However,  the  rate  of  secondary  tears  is  high  [20,21], per-
haps  associated  with  incomplete  healing.
Good  healing  depends  in  part  on  patient  characteristics
but  also  on  factors  associated  with  the  surgical  procedure,
in  particular  good  surface  contact  between  the  tendon  and
the  bone.
There  are  numerous  articles  in  the  literature  testing  the
different  available  suture  materials  and  knots  in  vitro  [3—7],
for  cuff  repairs  or  [8,9]  Bankart  repairs  [10].
The  preload  protocol  followed  by  cyclic  loading
[4,5,9,13]  provides  more  reliable  results  by  removing  any
initial  distension  in  the  knot  [13], and  simulating  the  load-
ing  that  a  suture  undergoes  during  the  healing  phase  [14].
However,  all  of  these  previous  studies  tested  the  sutures
immediately  after  they  were  tied,  and  did  not  study  the
inﬂuence  of  the  biological  media  over  time  on  the  knots.
The  standard  deviations  in  previously  published  studies
were  signiﬁcant.  Our  study,  based  on  knots  that  were  stan-
dardized  and  as  identical  as  possible,  resulted  in  very  low
standard  deviations.  In  our  study,  the  standard  deviation
was  systematically  less  than  10%  of  the  total  load  at  failure,
which  was  never  the  case  in  the  previously  published  studies,
conﬁrming  the  interest  and  efﬁcacy  of  this  device  designed
to  obtain  identical  knots.  Barber  et  al.  [1]  and  Lo  et  al.  [15]
had  variations  of  more  than  30%  under  the  same  knot  tying
conditions.  The  advantage  of  this  fairly  complicated  proto-
col  is  that  only  one  element  is  different  (simulated  body
ﬂuid)  during  the  tests.
The  aim  of  this  study  was  to  determine  if  there  was  a
change  in  the  sutures  associated  with  incubation  in  bio-
logical  media  during  the  phase  when  they  are  the  primary
source  of  tendon  attachment,  which  is  a  determining  fac-
tor  for  correct  healing  [22]. Our  results  did  not  show  any
decrease  in  loop  resistance  during  this  period  (they  do  not
break  more  easily  after  incubation),  but  did  show  that  slip-
page  increased  at  D30  with  the  Orthocord  suture  and  to  a
lesser  extent  with  the  others  (Maxbraid).
Nevertheless,  our  study  is  limited  because  it  only  eval-
uated  one  knot  with  three  types  of  sutures.  We  chose  this
knot  because  it  has  been  shown  to  be  the  knot  with  the  least
slippage  in  the  literature  [4].
This  study  shows  that  Fiberwire  is  more  resistant,  with
better  results  during  cyclic  loading  [23], and  no  statisti-
cally  signiﬁcant  slipping  at  D30  unlike  the  conclusions  by
Abbi  et  al.,  which  showed  a  higher  rate  of  slippage  with  this
suture  [9];  however  this  study  compared  different  types  of
sutures.4.8  (0.3)  4.8  (0.2)  4.0  (0.1)  4.2  (0.2)
onclusion
ur  experimental  study  shows  that  incubation  for  30  days
n  biological  media  simulating  body  ﬂuid  inﬂuences  slip-
age  of  loops  with  SMC  knots  in  Orthocord  and  Maxbraid
utures.  This  is  an  important  variable  because  knot  slippage
an  compromise  primary  ﬁxation  of  the  tendon  during  the
ealing  phase,  and  result  in  unsuccessful  repair.  Tests  were
erformed  with  a  standardized  knot,  thanks  to  a  device  that
as  specially  designed  for  this  study.  We  suggest  that  this
evice  be  used  for  future  biomechanical  studies  on  knots  or
utures.
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